The aim of the present study was to assess if low and moderate doses of caffeine delivered in a carbohydrate-electrolyte solution (CES) late in exercise improved time trial (TT) performance. Fifteen (11 male, 4 female) cyclists (22.5 ± 0.9 yr; 69.3 ± 2.6 kg; VO 2 peak, 64.6 ± 1.9 ml · min -1 · kg -1 ) completed four double-blinded randomized trials. Subjects completed 120
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Abstract
The aim of the present study was to assess if low and moderate doses of caffeine delivered in a carbohydrate-electrolyte solution (CES) late in exercise improved time trial (TT) performance. Fifteen (11 male, 4 female) cyclists (22.5 ± 0.9 yr; 69.3 ± 2.6 kg; VO 2 peak, 64.6 ± 1.9 ml · min -1 · kg -1 ) completed four double-blinded randomized trials. Subjects completed 120
min of cycling at ~60% VO 2 peak with five interspersed 120 s intervals at ~82% VO 2 peak, immediately followed by 40 s intervals at 50 W. Following 80 min of cycling, subjects either ingested a 6% CES (PL), a CES with 100 mg (low dose, 1.5 ± 0.1 mg · kg bm -1 ) of caffeine (CAF1) or a CES with 200 mg (moderate dose, 2.9 ± 0.1 mg · kg bm -1 ) of caffeine (CAF2).
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Introduction
Caffeine acts as a stimulant and its value as an ergogenic aid has been embraced by many athletes within the endurance sports community (Desbrow and Leveritt 2006; Burke 2008) . The literature strongly indicates that supplementation with moderate (~3-6 mg · kg body mass (bm)
and high doses (> 6 mg · kg bm -1 ) of caffeine can decrease markers of fatigue and improve moderate to high intensity endurance performance (Graham 2001; Doherty and Smith 2004; Burke 2008 ). However even with its added popularity many athletes lack a scientific approach to using it as an ergogenic aid (Desbrow and Leveritt 2007) .
Determining a minimal dose to induce optimal results may limit possible negative effects from chronic caffeine use. Negative effects are not well understood but may include addictive properties (Fredholm et al. 1999) , headaches, anxiety and depression (Gilliland and Bullock 1983; Salinero et al. 2014 ). In addition, cessation from caffeine use may cause symptoms of withdrawal (Silverman et al. 1992) , impaired performance and improved sleep (James 1998 ).
There are limited studies for comparison between low (< 2.5 mg · kg bm -1 ) and moderate doses of caffeine on endurance performance (Table 1) (Kovacs et al. 1998; Cox et al. 2002; Jenkins et al. 2008; Desbrow et al. 2009 ), but there is evidence suggesting a treatment effects between doses. Kovacs et al. (1998) had cyclists ingest an initial dose of caffeine ~60 min prior to a cycling time trial (TT) and gave two further doses during the TT. Total caffeine intake was either 2.1, 3.4 or 4.5 mg · kg bm -1 . All treatments improved TT performance compared to a placebo, but performances improved to a greater extent with the moderate doses (3.4 and 4.5 mg · kg bm -1 ) compared to the low dose (2.1 mg · kg bm -1 ).
In contrast, other studies have not observed differences in endurance performance between low and moderate concentrations of caffeine (Cox et al. 2002; Jenkins et al. 2008; Desbrow et al. 2009 ). However the initial dose of caffeine in these studies were ingested upwards of 80 to 180 min before beginning performance trials (Table 1) . When the initial dose has been given closer to the performance trials (~60 min prior), many studies observed improvements with low and moderate doses of caffeine (Ivy et al. 1979; Wiles et al. 1992; Bridge and Jones 2006; Jenkins et al. 2008; Scott et al. 2015) . Identifying significant differences between low and moderate doses of caffeine may require an initial ingestion of caffeine close to the performance trial to maximize ergogenic benefits.
Often differences observed between caffeine treatments on endurance performance are small and hard to detect statistically. Investigators need to utilize a stringent and reproducible exercise protocol that can detect these small differences in performance within a laboratory setting. As a result of these concise requirements, investigators often field complaints from participants that the testing environment is unfamiliar and difficult to give their best effort. Most protocols have strict dietary guidelines, pre-exercise requirements and unfamiliar performance protocols. Elite athletes may complain that these unfamiliar protocols disrupt their normal prerace and race routines. Building a more familiar protocol without sacrificing reliability of results may allow experienced athletes to improve perception of confidence between trials (Paton and
Hopkins 2006).
The primary purpose of the present study was to compare the effects of low and moderate doses of caffeine given in a carbohydrate-electrolyte solution (CES) late in exercise on TT cycling performance. We hypothesized that both doses of caffeine would improve TT performance but were not clear whether the moderate dose would be more beneficial than the D r a f t 5 low dose. We also utilized a testing protocol designed to improve familiarly, perception of confidence and built a more comfortable testing environment for the participants.
Materials and methods
Subjects
Fifteen (11M, 4F) competitive cyclists (2-16 yr experience) volunteered for the study.
Subject characteristics can be found in Table 2 . Only one subject was a habitual caffeine user (> 50 mg · day -1 ). Female participants were taking oral contraceptives for 12 months or longer and testing was not standardized based on phases of the menstrual cycle. Subjects were fully informed of the purpose of the study and of potential risks before giving written and oral consent. This study was approved by the Research Ethics Committee at the University of Guelph.
Study design
Subjects visited the laboratory on six occasions. During the first visit, they performed an incremental cycling (Lode Excalibur, Quinton Instrument, Netherlands) test to exhaustion to determine peak oxygen consumption (VO 2 peak). Heart rate (HR) and expired respiratory gases (VO 2 , VCO 2 ) were analyzed with a metabolic cart (Sensormedic, Vmax 229, Yorba Linda, CA).
The remaining five trials consisted of one complete practice trial and four experimental trials.
Pre-experimental procedures
Practice and experimental trials consisted of a 120 min cycling challenge followed by a time trial to completion test (TT) in which subjects completed 6 kJ of work · kg bm -1 as quickly as possible (Figure 1 ). Subjects supplied their own pedals and saddle for each trial. Trials began
with subjects cycling at ~30-40% VO 2 peak for 5 min. The remainder of the challenge consisted of steady state cycling at ~60% VO 2 peak for 120 min with five interspersed simulated hill climbs (120 s each, ~82% VO 2 peak) that were each followed by a simulated descent (50 W for 40 s).
Immediately following the 120 min cycling challenge, the Lode ergometer was set to an rpm dependent mode (linear mode) for the TT. Resistance was set to ~80% of cyclist's peak power output for their respective average cadence during the 120 min challenge. During the TT, subjects only received information on total work completed (kJ) and were blinded from all other information. HR and power output were recorded at 100 kJ increments throughout the TT.
Experimental trials
Participants completed four double-blinded randomized experimental trials consisting of the 120 min cycling challenge and TT stated above. No results were calculated or released until all the subjects had completed the study. Subjects were tested by the same person for each trial.
To further encourage participants to give an all-out effort throughout the TT, bonus compensation was given to the fastest three TT's for each treatment. Participants could win a maximum of two awards.
Subjects arrived to the laboratory at the same time of day for all trials and completed one trial a week. Meals consumed 24 hr prior to the trials were selected individually by subjects, were based on each cyclist's preferred pre-race routine, and were approved by the investigator to include balanced carbohydrate (50-70%), protein (15-30%), and fat (10-30%) content.
Participants repeated their individuated exercise tapering routine that they would carry out the day before a competitive cycling event. Participants either cycled at a low to moderate intensity (~30-60 min) or abstained from exercise the day before trials. To maintain familiarity, the single A CES containing 60 g · l -1 CHO, 18 mEq · l -1 sodium, 11 mEq · l -1 chloride and 3 mEq · l -1 potassium was given in a 3.0 ml · kg bm -1 bolus immediately prior to exercise and during exercise at 20, 40 and 60 min. At 80 min, subjects were given a 5.1 ml · kg bm -1 CES with either, no caffeine (PL), 100 mg caffeine (1.5 ± 0.1 mg · kg bm -1 ) (CAF1), or 200 mg caffeine (2.9 ± 0.1 mg · kg bm -1 ) (CAF2) (Figure 1 ). Subjects were asked to finish each drink within 5 min. When subjects reached 100 and 120 min of cycling during the preliminary practice trial, subjects were given 15 min to ingest CES ad lib and this same volume was given for all experimental trials (100 min: 4.0 ± 0.6 ml · kg bm -1 , 120 min: 2.9 ± 0.6 ml · kg bm -1 ).
A randomized fourth trial was completed, repeating either the PL, CAF1 or CAF2 treatment. With 15 subjects, 5 repeated the PL trial, 5 repeated the CAF1 trial, and 5 repeated the CAF2 trial. Following each trial subjects completed a post-trial questionnaire to distinguish if D r a f t 8 they thought caffeine was in the treatment they had received, and if so what cues led them to believe this.
Blood measurements
Venous blood was collected in sodium-heparin tubes. A portion of the pre-trial (0 min) and final collection (during the TT) were used to measure hematocrit in triplicate. A portion (1.5 ml) was added to 30 µl of EGTA and reduced glutathione, centrifuged (10,000 x g for 3 min) and the supernatant was analyzed for epinephrine using an enzymatic immunoassay (Labor Diagnostika Nord, Nordhorn, Germany). A second portion (200 µl) was added to 800 µl of 0.6 M perchloric acid, centrifuged and the supernatant was analyzed for blood glucose and lactate using fluorometric techniques (Bergmeyer 1974) . A third portion (1.5 ml) was centrifuged and the plasma was analyzed for free fatty acids using an enzymatic colorimetric technique (Wako NEFA C test kit, Wako Chemicals, Richmond, VA). A fourth portion was allowed to clot for 30 min, then centrifuged and the serum was transferred and frozen for analysis of caffeine concentrations on an Agilent Technologies Model 1100 HPLC (Palo Alto, CA) equipped with an ultraviolet detector set at 280 nm.
Statistics
All data are presented as means ± SE. Repeated TT's and pre vs. post trial body weight, hematocrit and USG data were analyzed using a paired t-test. All other data were analyzed by repeated measures ANOVA (time x treatment & time x trials) to determine significant differences during the trials and between treatments and trials. Specific differences were identified using a student Newman-Keuls post hoc test. Statistical significance was accepted at a level of p < 0.05.
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Results
Descriptive Results
Subjects arrived to the laboratory for each trial with a similar body mass (70.8 ± 2.9 kg), USG (1.013 ± 0.002) and hematocrit (46 ± 1%). Subjects ingested 1792 ± 68 ml of CES and 337 ± 21 ml of 0.9 % saline was intravenously infused throughout each trial. During the TT hematocrit increased significantly to 49 ± 1 %. Following the trials, body mass (70.3 ± 2.5 kg)
and USG (1.017 ± 0.002) were unchanged.
Serum caffeine
Caffeine concentrations were significantly elevated at 120 min during CAF1 (14.9 ± 2.6 µmol · l -1 ) and to a greater extent during CAF2 (24.9 ± 3.2 µmol · l -1 ), but were negligible and unchanged during PL. Caffeine concentrations remained elevated throughout the TT (CAF1:
13.8 ± 2.9 µmol · l -1 , CAF2 25.6 ± 2.6 µmol · l -1 ).
Time trial
The average power output during the first 20 min of the TT was 241 ± 7 W. The average HR throughout the TT was 175 ± 2 beats · min -1 (Figure 2 ). The CAF2 TT (26:36 ± 0:22 min:sec) was completed significantly faster than both the CAF1 TT (27:36 ± 0:32 min:sec) and PL TT (28:41 ± 0:38 min:sec), or 3.6% and 7.3% respectively, while CAF1 was completed significantly quicker (3.8%) than PL ( Figure 3 & Table 1 
min cycling challenge
The average power output during the steady state ride was 194 ± 10 W and 285 ± 14 W during the simulated hill climbs. This equated to 59% and 82% of VO 2 peak respectively. HR was 147 ± 7 beats · min -1 during the steady state challenge, increased to 169 ± 3 beats · min -1 during hill climbs, and was not different between trials (Figure 4 ). There was no difference in respiratory measurements between trials, but there was an effect of time as VO 2 was significantly higher at 95 min of exercise ( Figure 5 ).
Blood glucose, plasma FFA, plasma epinephrine and blood lactate were not different between trials. Plasma FFA concentration was significantly higher following 120 min of exercise compared to rest. Plasma epinephrine significantly increased throughout exercise ( Figure 6 ).
Blood lactate rose (p < 0.05) as exercise commenced, remained constant through completion of the 120 min ride, and increased further (p < 0.05) following all treatments during the TT ( Figure   6 ).
The post-trial questionnaire (n = 60) revealed that one subject correctly identified the placebo through a perception of being less energetic compared to the other trials. Fifteen of the caffeine trials (out of 40) were correctly identified (CAF1 = 7, CAF2 = 8) through a feeling of added "energy" or through an odd "chemical" flavour in the drink. Five placebo trials and one caffeine trial were incorrectly identified, and the remaining 39 trials were unidentifiable.
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Discussion
The current study examined the effects of low (1.5 mg · kg bm -1 ) and moderate (2.9 mg · kg bm -1 ) doses of caffeine delivered late in exercise on cycling TT performance. TT performances were enhanced by 3.6% following ingestion of the low dose of caffeine (100 mg) and by 7.3% with the moderate dose of caffeine (200 mg). In addition, a distinct ergogenic effect was observed between the two caffeine doses.
Three observations can be made from the current comparisons between low and moderate doses of caffeine as an ergogenic aid (Table 1) ; i) Increasing caffeine intake from a low (< 2.5 mg · kg bm -1 ) to a moderate dose (~3-6 mg · kg bm -1 ) can increase the ergogenic effect when caffeine is ingested just prior (< 60 min) to the endurance performances, ii) The timing of intake may significantly affect the efficacy of caffeine on endurance performance, iii) Mixed results between studies may suggest inter-individual differences in the optimal timing and minimal dose required to maximize performance benefits from caffeine during endurance performance.
Studies have not revealed an added ergogenic benefit from high doses of caffeine (> 6 MG) compared to a moderate dose (Lindinger et al. 1993; Graham and Spriet 1995; Bruce et al. 2000; Anderson et al. 2000) , however results from the current study and from Kovacs et al. (1998) revealed that a moderate dose (~3-6 mg · kg bm -1 ) improved cycling performances to a greater extent than a low dose of caffeine (< 2.5 mg · kg bm -1 ). These observations suggest that a moderate dose may be the minimal concentration required to maximize the ergogenic effects of caffeine and that contrasting studies that have not observed a difference between a low and moderate dose (Cox et al. 2002; Desbrow et al 2009; Jenkins et al. 2008 ) may have given the initial bolus of caffeine too long before the TT. An eloquent review of the literature by Burke D r a f t (2008) suggested that "if a dose-response exists, there is a plateau at ~3 mg · kg bm -1 ". However the timing of intake during exercise may also be of significant importance.
Results from comparable studies in Table 1 may suggest that when caffeine was ingested within 60 min of the TT, clear differences were apparent between a low and moderate dose (Table 1) . When caffeine was initially ingested 80-180 before the TT there was no difference between the low and moderate concentration on performance (Desbrow et al 2009; Jenkins et al. 2008 ) even though throughout the TT blood caffeine levels remained elevated and were higher in the moderate dose compared to the low dose. While data is limited, this may suggest caffeine initially ingested ~40-60 min before performances will yield the maximal ergogenic benefit. It is plausible that the sensitivity to caffeine on central and/or peripheral mechanisms (Lopes et al. 1983; Lindinger et al. 1993 ; Tarnopolsky ingested 20-40 min before the TT improved performance to a similar extent to a high moderate dose (6 mg · kg bm -1 ) initially ingested 120 or 180 min before the TT.
The current study observed a clear enhanced ergogenic benefit with a moderate dose compared to a low dose. However there could be inter-individual differences in the efficacy of caffeine on endurance performance. Previous evidence (Bell and McLellan 2002; Kalow 1985; Conway et al. 2003; Temple et al. 2014; Paton et al. 2015) suggests that individuals have varied responses to caffeine. While the present study yielded a statistical advantage with a moderate (CAF2) vs. low (CAF1) dose, six subjects completed CAF1 and CAF2 within 30 seconds of each other (Figure 3) . A possible explanation may include slight differences in individual phenotypic responses to caffeine (Chesley et al. 1998; Crews et al. 2001; Yang et al. 2010) and may be large D r a f t 13 enough in some circumstances to significantly impact ergogenic benefits. A persuasive review of caffeine's effect on pairs of twins suggested that genomic variation may account for significant differences in caffeine's direct effect on the body (Yang et al. 2010) . Based on these initial observations, athletes planning to chronically consume caffeine to improve performances may have to experiment with varied low and moderate doses of caffeine to determine the minimal optimal concentration. With known side effects (Gilliland and Bullock 1983; Silverman et al. 1992; James 1998; Fredholm et al. 1999; Salinero et al. 2014) and increased use by adolescence athletes (Seifert et al. 2011 ) it may prudent to be cautious when prescribing dosage.
The current study protocol took a unique approach to the standard 120 min steady state challenge and pre-trial preparation. The 120 min cycling challenge included simulated hill climbs and descents typically observed in road races. While there is currently limited evidence, the varied work rates may have impacted their TT performance (Fonda et al. 2011; Thomas et al. 2013; Stebbins et al. 2014 ) and limited monotony. Varied work rates and cadences allowed riders to make position adjustments in the saddle altering biomechanical movement and muscle group contributions more similar to a road race (Fonda et al. 2011) . During descents, freewheeling and backpedaling added familiarity and may have limited the perception of muscle fatigue.
In addition to changes in the cycling protocol, participants chose their preferred pre-race meals and there was some individualization of total fluid intake during the trial (at 100 and 120 min of exercise). Competitors often eat meals that have previously preceded successful performances. Preferred diets may include foods that limit gastrointestinal (GI) discomfort, are better absorbed, supplement dietary deficiencies, and provide a feeling of comfort prior to an event (Maughan 2001 Subjects (n = 15) 22.5 ± 0.9 69.3 ± 2.6 64.6 ± 1.9 362 ± 15.7
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Males (n = 11) 22.6 ± 1.1 73.5 ± 2.4 66.6 ± 2.0 392 ± 9.9
Females (n = 4) 22.3 ± 2.0 57.5 ± 1.7 58.8 ± 3.8 280 ± 18.4
Values are means ± SE. 
